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Abstract

Author Manuscript

Theaflavin-3, 3’-digallate (TF3) is a phenolic compound extracted from black tea. We previously
demonstrated that TF3 selectively inhibited ovarian cancer cells. Ovarian cancer has high death
rate because of acquired cisplatin resistance. We aimed to investigate the synergistic effect of TF3
and cisplatin (CDDP) against cisplatin resistant ovarian cancer cells. In the present study,
combination treatment with TF3 and CDDP showed a synergistic cytotoxic effect in A2780/CP70
and OVCAR3 cells. Combination treatment showed a synergistic pro-apoptotic effect and
synergistically induced G1/S phase cell cycle arrest. Synergistic apoptosis was accompanied by
regulating protein expression of cleaved caspase 3/7, cytochrome c, Bax and Bcl-2. Combination
treatment induced G1/S phase cell cycle arrest via regulating protein expression of cyclin A2,
cyclin D1, cyclin E1 and CDK2/4. Combination treatment could synergistically down-regulate Akt
phosphorylation in both cell lines. TF3 may be used as an adjuvant for the treatment of advanced
ovarian cancer.

Author Manuscript

*

Correspondence: Yi Charlie Chen, College of Science, Technology and Mathematics, Alderson Broaddus University, 101 College Hill
Drive, Philippi, WV 26416, USA. chenyc@ab.edu, Tel: +1 3015424163, Youying Tu, Department of Tea Science, Zhejiang University,
866 Yuhangtang Road, Hangzhou, Zhejiang 310058, P.R. China. youytu@zju.edu.cn, Tel: +86 13625713998.
Author Contributions
H.P. designed and preformed the experiments. H.P. performed the statistical analysis. H.P. wrote the manuscript. J.L., E.K., G.O.R.,
Y.R., Y.T. and Y.C.C. coordinated and helped to draft the manuscript. All authors read and approved the final manuscript.
Conflicts of interests
The authors declare that they have no competing interests.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Pan et al.

Page 2

Author Manuscript

Keywords
Theaflavin-3; 3’-digallate; Cisplatin; Ovarian cancer; Synergism

1. Introduction

Author Manuscript

Black tea is one of the most widely consumed beverages in the world and is second only to
water in popularity. Black tea was a main dietary source of flavonols for US women, and
black tea consumption was associated with a linear decline in ovarian cancer risk (Baker, et
al., 2007; Cassidy, Huang, Rice, Rimm, & Tworoger, 2014). Theaflavin-3, 3’-digallate (TF3)
is one of the major bioactive components in black tea which contributes to the characteristic
color and flavor of black tea. It’s orange-red in color and possesses a benzotropolone
skeleton that is formed from the co-oxidation of (–)-epicatechin gallate and (–)epigallocatechin gallate (EGCG) during black tea production (Finger, 1994). TF3 has been
demonstrated to inhibit human prostate cancer cells (Lee, Ho, & Lin, 2004; Sun, et al.,
2013), liver cancer cells, gastric cancer cells and lung cancer cells (K. Wang, et al., 2011).
TF3 exerted antitumor effects in breast cancer cells through suppressing proteasomal
activities (Lin, Chen, & Lin-Shiau, 2006). We have previously reported that TF3 could
induce apoptosis, cell cycle arrest (Tu, et al., 2016) and angiogenesis (Gao, Rankin, Tu, &
Chen, 2016) in human ovarian cancer cells.

Author Manuscript

Ovarian cancer ranks fifth in cancer deaths among women in the United States, accounting
for approximately 5% of all cancer deaths diagnosed among women (Siegel, Miller, &
Jemal, 2016). Ovarian cancer has the highest rate of deaths among the gynecologic cancers
(uterine, cervical, and ovarian). The conventional course of therapy is maximal surgical
resection of the tumor mass followed by a combination treatment of taxane and platinumbased chemotherapy. In spite of 70% of patients responding well to first-line chemical-based
therapy, the emergence of side effects and drug resistance has rendered a variety of the
currently available chemotherapeutic agents ineffective (Limtrakul, Pitchakarn, & Suzuki,
2013). The 5-year survival rate for patients with advanced ovarian cancer remains less than
40% because of adverse side effects and acquired drug resistance (Al Rawahi, et al., 2013).
Hence, there is an urgent need to explore novel therapeutic interventions and agents to
overcome drug resistance for ovarian cancer.

Author Manuscript

TF3 was a potential agent to reduce the dosage of chemotherapeutic agents for ovarian
cancer therapy which could reduce their side effects and overcome the drug resistance of
ovarian cancer cells. In the present study, we investigated whether TF3 would synergistically
potentiate the antitumor effect of CDDP in cisplatin-resistant human ovarian cancer cell
lines. The possible molecular mechanisms underlying the synergistic effect were also
studied.
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2. Materials and Methods
2.1. Cell culture and reagents

Author Manuscript

Platinum-resistant human ovarian cancer cell lines A2780/CP70 and OVCAR-3 were kindly
provided by Dr. Jiang at West Virginia University. The cells were cultured in RPMI-1640
medium (Sigma, St Louis, MO, USA) supplemented with 10% fetal bovine serum
(Invitrogen, Rockford, IL, USA) at 37°C in a humidified incubator with 5% CO2. TF3
monomer was isolated and purified using a previously established method (Xu, Jin, Wu, &
Tu, 2010). The purity of TF3 was 93.76%. Cisplatin was purchased from Sigma-Aldrich.
TF3 and CDDP were prepared in distilled water and stored at −20 °C. Primary antibodies to
cleaved caspase-3 (Asp175), cleaved caspase-7 (Asp198), cyclin A2 (BF683), cyclin D1,
cyclin E1 (D7T3U), CDK2 (78B2), CDK4 (D9G3E), Akt, p-Akt (Ser473), Bcl-2 were
purchased from Cell Signaling Technology (Danvers, MA, USA). Primary antibodies to
cytochrome c, Bad (c-7), Bax, GAPDH (0411) and the secondary antibodies were purchased
from Santa Cruz Biotechnology (Mariposa, CA, USA).
2.2. Cell viability assay
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo phenyl)-2Htetrazolium (MTS) assay was used to assess the cell viability. Cells were seeded into 96-well
plates at a density of 2×104 cells per well and incubated overnight. Then cells were treated
with TF3, CDDP or the combination for 24 h. Cell viability was measured using CellTiter
96® Aqueous One Solution Cell Proliferation Assay (Promega, St Louis, MO, USA),
according to the manufacturer’s instructions. Cell viability was expressed as a percentage
compared to that of control cells.
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2.3. Synergism Determination
The synergistic effect of TF3 and CDDP was determined based on the combination index
(CI) using CalcuSyn Version 2.0 (Biosoft, Great Shelford, Cambridge, UK). The CI values
indicated synergism at less than 1.0.
2.4. Hoechst 33342 staining
Cells were seeded in 96-well plates at 2 × 104 cells/well and incubated overnight. Cells were
treated with TF3, CDDP or the combination for 24 h. After treatment, cells were stained
with 10 μg/mL Hoechst 33342 (Sigma, St Louis, MO, USA) in PBS for 10 min in the dark at
37 °C. Cell apoptosis was examined under a fluorescence microscope (ZEISS).
2.5. Colony formation

Author Manuscript

To determine the long-term effect of TF3 and CDDP combination, colony formation assay
was carried out. Cells were seeded in 6-well plates at 5×104 cells/well and incubated
overnight. Cells were treated with TF3, CDDP or the combination for 24 h. After treatment,
the cells were collected and further cultured for 7 days in six-well plates containing drugfree medium at a cell density of 2×103 per well. Clonogenic cells were determined as those
able to form a colony consisting of at least 50 cells. Colonies were then fixed with ice-cold
methanol for 10 min and stained with 0.5% crystal violet solution in 25% methanol for 10

J Funct Foods. Author manuscript; available in PMC 2019 July 01.

Pan et al.

Page 4

Author Manuscript

min. The stained 6-well plates were carefully rinsed with distilled water several times and
photographed.
2.6. Flow cytometric analysis of apoptotic cells
The cell apoptosis was determined using an Alexa Fluor® 488 Annexin V/ Dead Cell
Apoptosis kit (Invitrogen, Rockford, IL, USA). After exposure to TF3, CDDP or the
combination for 24 h, cells were harvested, centrifuged for 10 min at 1500 rpm and then
washed twice with PBS. Cells were suspended in binding buffer with Alexa Fluor
488Annexin V and propidium iodide (PI) for 15 min. The stained cells were analyzed by
flow cytometry (FACSCalibur system, BD Biosciences), measuring the fluorescence
emission at 530 and 575 nm using 488 nm excitation.
2.7. Flow cytometry analysis of the cell cycle

Author Manuscript

Cells treated with TF3, CDDP or the combination for 24 h were digested with trypsin and
harvested by 1500 rpm centrifugation for 10 min. The cell pellet was suspended with 70%
ethanol at -20°C overnight, washed with PBS, and then incubated with 180 μg/ml RNase
(Invitrogen, Rockford, IL, USA) at 37°C for 15 min. After 15 min staining with 50 μg/ml PI
(Sigma, St Louis, MO, USA) in the dark at 37°C, the samples were analyzed by flow
cytometry (FACSCalibur system, BD Biosciences). Data were plotted and analyzed by using
FCS Software (De Novo Software, Los Angeles, CA, USA).
2.8. Western blotting

Author Manuscript

Cells were seeded in 60-mm dishes at 1×106 cells/dish, incubated overnight, and treated
with TF3, CDDP or the combination for 24 h. Then cells were harvested with M-PER
Mammalian Protein Extraction Reagent (Pierce, St Louis, MO, USA) supplemented with
Halt™ Protease and Phosphatase Inhibitor Single-Use Cocktail (Life Technologies, Grand
Island, NY, USA). The total protein levels were detected with BCA Protein assay kit (Pierce,
St Louis, MO, USA). Equal amounts of protein were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes. The
membrane was blocked with 5% skim milk in Tris-buffer saline containing 0.1% Tween-20
for 1 h at room temperature, and then incubated with specific primary antibodies and
appropriate secondary antibodies conjugated with horseradish peroxidase. The antigenantibody complex was visualized with Super Signal West Dura Extended Duration Substrate
(Life technologies, Grand Island, NY, USA) and ChemiDoc™ MP System (Bio-Rad,
Hercules, CA, USA). Protein bands were quantitated with NIH Image J software and
normalized by GAPDH bands for analysis.
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2.9. Statistical analysis
In this study, all samples were prepared and analyzed in triplicate. The data are presented as
means ± standard deviations (SD). Multiple comparisons were performed by one-way
analysis of variance followed with least significant difference test. Significant differences
among multiple groups are indicated by different letters (p < 0.05). Statistical differences
between two groups were evaluated using the Student’s t-test. Significant differences
between two groups are indicated by double asterisks (**p< 0.01). All statistical analyses of
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data were performed using Statistical Analysis System for windows V8. p<0.05 was
considered statistically significant, and p<0.01 was considered statistically highly
significant. OriginPro 9.1 software was used to create the artwork.

3. Results
3.1. The synergistic anti-proliferative effect of TF3 and CDDP against ovarian cancer cell
lines

Author Manuscript

To evaluate the synergistic anti-proliferative effect of TF3 and CDDP against ovarian cancer
cell lines, we determined the effect of TF3, CDDP and the combination on the viability of
A2780/CP70 and OVCAR3 cells using the MTS assay. The viability of A2780/CP70 and
OVCAR3 cells was decreased by treatment with TF3 alone, CDDP alone or the combination
in a dose dependent manner (Fig. 1A-D). The IC50 values of TF3 against A2780/CP70 and
OVCAR3 cells were estimated to be 19.04 and 14.64 μM, respectively. The IC50 values of
CDDP against A2780/CP70 and OVCAR3 cells were estimated to be 18.19 and 13.96 μM,
respectively. We assessed the anti-proliferative effect of the combination treatment with TF3
and CDDP at two constant combination ratios which were set at 1:1 (μM: μM) and 1:2 (μM:
μM). The total IC50 values for combined TF3 and CDDP (1:1, μM: μM) against A2780/
CP70 and OVCAR3 cells were estimated to be 12.02 and 10.70 μM, respectively. The total
IC50 values for combined TF3 and CDDP (1:2, μM: μM) against A2780/CP70 and OVCAR3
cells were estimated to be 13.12 and 10.80 μM, respectively. Combination treatment with 7
μM TF3 and 7 μM CDDP showed significantly greater growth inhibition than either agent
alone. The synergistic effect of TF3 and CDDP against ovarian cancer cells was calculated
using CalcuSyn. The combination treatment CI values were less than 1.0 (Fig. 1E-F),
indicating that the antitumor effect was synergistic.

Author Manuscript

Colony formation assay is an effective method to determine single cell proliferation
capacity. Thus, colony formation assay was carried out to further examine the antiproliferation effect of TF3, CDDP and the combination on A2780/CP70 and OVCAR3 cells.
As showed in Fig. 2, the number of A2780/CP70 and OVCAR3 cell colonies was
significantly lower for cells subjected to treatment with 7.0 μM TF3 alone or 7.0 μM CDDP
alone than for control cell. In addition, the reduction in colony formation was greater for
cells treated with combined TF3 and CDDP than for cells treated with either agent alone.
These results show that TF3 significantly enhanced the anti-proliferation effect induced by
CDDP in ovarian cancer A2780/CP70 and OVCAR3 cells.
3.2. TF3 and CDDP synergistically induced apoptosis in ovarian cancer cell lines

Author Manuscript

To investigate whether TF3 and CDDP synergistically inhibited ovarian cancer cells by
inducing apoptosis, the changes of nuclear morphology in cells treated with TF3, CDDP and
the combination for 24 h were analyzed under a fluorescence microscope by Hoechst 33342
DNA staining. As showed in Fig. 3A, the nuclei were stained less bright and intact in the
control group. With treatment of TF3 alone, CDDP alone or the combination, the cells
exhibited numerous apoptotic cells with condensed or fragmented nuclei, which were much
brighter. The percentages of apoptotic cells were determined after counting 500–1000 cells/
well in randomly selected fields. The percentage of apoptotic cells was greater for cells
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treated with combined TF3 and CDDP than the portion sum for cells treated with either
agent alone (Fig. 3B-C). These results show that TF3 and CDDP combination treatment
could synergistically induce apoptosis in ovarian cancer A2780/CP70 and OVCAR3 cells.

Author Manuscript

Double staining with Annexin V FITC and PI followed by flow cytometry analysis was also
used to investigate the apoptosis induced by TF3, CDDP and the combination. As shown in
Fig. 4A-C, the treatment of TF3, CDDP and the combination significantly decreased the
percentage of alive cells and increased the percentage of total apoptotic cells (p< 0.05). The
cell population of total apoptotic cells increased from 9.14% to 13.61%, 15.36% and 29.98%
for A2780/CP70 cells treated with TF3, CDDP and the combination, respectively (Fig. 4B).
The cell population of total apoptotic cells increased from 8.52% to 28.46%, 26.74% and
46.28% for OVCAR3 cells treated with TF3, CDDP and the combination, respectively (Fig.
4C). The increased portion of total apoptotic cells was greater for cells treated with
combined TF3 and CDDP than the increased portion for total apoptotic cells treated with
either agent alone in both ovarian cancer A2780/CP70 and OVCAR3 cells (Fig. 4D-E). The
increased portion of total apoptotic cells was greater for A2780/CP70 cells treated with
combined TF3 and CDDP than the increased portion sum of total apoptotic cells for A2780/
CP70 cells treated with either agent alone (p< 0.05) (Fig. 4D). The increased portion of total
apoptotic cells in OVCAR3 cells treated with combined TF3 and CDDP had no significant
difference with the increased portion sum of total apoptotic cells in OVCAR3 cells treated
with either agent alone (p> 0.05) (Fig. 4E). These flow cytometry analysis results indicated
that TF3 and CDDP exerted synergistically apoptotic effect in A2780/CP70 cells and
additively apoptotic effect in OVCAR3 cells.
3.3. TF3 and CDDP induced cell cycle arrest in ovarian cancer cell lines

Author Manuscript

To examine the mechanism involved in TF3 and CDDP mediated cell growth inhibition, cell
cycle phase distribution of cells treated with TF3, CDDP and the combination for 24 h was
analyzed by flow cytometry after PI staining. As showed in Fig. 5, TF3 (7 μM) alone
induced G1 phase arrest in both A2780/CP70 and OVCAR3 cells. TF3 significantly
increased the portion of cells in G1 phase from 59.0% to 75.9% for A2780/CP70 cells and
from 61.6% to 71.7% for OVCAR3 cells (p< 0.01). CDDP (7 μM) alone induced S phase
arrest in both A2780/CP70 and OVCAR3 cells. CDDP significantly increased the portion of
cells in S phase from 24.3% to 65.9% for A2780/CP70 cells and from 24.8% to 66.9% for
OVCAR3 cells (p< 0.01).

Author Manuscript

The percent of cells in G2 phase was significantly decreased by either agent alone in A2780/
CP70 and OVCAR3 cells. TF3 significantly decreased the portion of cells in G2 phase from
16.7% to 9.6% for A2780/CP70 cells and from 13.6% to 3.7% for OVCAR3 cells (p< 0.01).
CDDP significantly decreased the portion of cells in G2 phase from 16.7% to 12.2% for
A2780/CP70 cells and from 13.6% to 3.6% for OVCAR3 cells (p< 0.01). Both cells
subjected to combination treatment showed a significant decrease in the percent of cells in
G2 phase than untreated controls and cells treated with either agent alone. The combination
treatment significantly decreased the portion of cells in G2 phase to 3.6% for A2780/CP70
cells and to 0.3% for OVCAR3 cells (p< 0.01). The percent of cells in the G1 and S phase of
cells treated with combined TF3 and CDDP was significantly higher than that of cells
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treated with 7 μM TF3 alone and 7 μM CDDP alone (p< 0.01). These cell cycle analysis
results indicated that TF3 and CDDP combination treatment could synergistically lead to G1
and S phase accumulation in ovarian cancer A2780/CP70 and OVCAR3 cells.
3.4. TF3 and CDDP synergistically regulate apoptosis and cell cycle related protein
expression

Author Manuscript
Author Manuscript

Furthermore, the expression of proteins related to apoptosis and cell cycle in A2780/CP70
and OVCAR3 cells was evaluated by western blot analysis. As showed in Fig. 6, the protein
level changes of apoptosis related proteins including cleaved caspase 3, cleaved caspase 7,
cytochrome c, Bad, Bax and Bcl-2 were evaluated. TF3 had no significant effect on the
protein levels of the apoptosis related proteins in A2780/CP70 and OVCAR3 cells (p> 0.05).
The pro-apoptotic protein levels of cleaved caspase 3, cleaved caspase 7 and cytochrome c
were higher in A2780/CP70 and OVCAR3 cells treated with 7 μM CDDP than in untreated
controls (p< 0.05). The pro-apoptotic protein levels of cleaved caspase 3, cleaved caspase 7
and cytochrome c were higher in A2780/CP70 and OVCAR3 cells subjected to combination
treatment than in untreated control cells and cells treated with either agent alone (p< 0.05).
CDDP and combination treatment had no significant effect on the protein level of Bad in
A2780/CP70 and OVCAR3 cells (p> 0.05). The protein level of Bax was higher in A2780/
CP70 cells treated with 7 μM CDDP than in untreated controls (p< 0.05)and did not change
in OVCAR3 cells (p>; 0.05). The protein level of Bax was higher in A2780/CP70 cells
subjected to combination treatment than in untreated control cells and cells treated with
either agent alone (p< 0.05). The protein level of Bax in OVCAR3 cells subjected to
combination treatment was higher than in untreated control cells (p< 0.05) and did not
change compared to OVCAR3 cells treated with either agent alone (p> 0.05). CDDP had no
significant effect on the anti-apoptotic protein level of Bcl-2 (p> 0.05). The anti-apoptotic
protein level of Bcl-2 was lower in cells subjected to combination treatment than in
untreated control cells and cells treated with either agent alone (p< 0.05). These results
indicate that the caspase and the Bcl-2 family involved apoptotic pathway are important
mechanisms by which TF3 and CDDP combination treatment exerted the synergistic antiproliferative effect in ovarian cancer A2780/CP70 and OVCAR3 cells.

Author Manuscript

To identify the specific regulatory proteins related to the induction of cell cycle arrest in
response to TF3, CDDP and combination treatment, the protein expression of cyclin A2, D1,
E1, CDK2 and CDK4 was detected by western blot analysis. As showed in Fig. 7, TF3
treatment significantly decreased the protein expression of cyclin D1 and CDK4 in A2780/
CP70 and OVCAR3 cells (p< 0.05). TF3 treatment had no significant effect on the protein
expression of cyclin E1 and CDK2 in A2780/CP70 and OVCAR3 cells (p> 0.05). CDDP
treatment significantly decreased the protein expression of cyclin E1, CDK2 and CDK4 in
A2780/CP70 cells and cyclin D1 and E1 in OVCAR3 cells (p< 0.05). CDDP treatment had
no significant effect on the protein expression of cyclin D1 in A2780/CP70 cells and CDK2
and CDK4 in OVCAR3 cells (p> 0.05). The protein level of cyclin D1 in A2780/CP70 cells
treated with combined TF3 and CDDP had no significant difference with the cells treated
with TF3 alone (p> 0.05). The protein levels of cyclin E1 and CDK2 in A2780/CP70 cells
treated with combined TF3 and CDDP had no significant difference with the cells treated
with CDDP alone (p> 0.05). The protein level of CDK4 was lower in A2780/CP70 cells
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subjected to combination treatment than in untreated control cells and cells treated with
either agent alone (p< 0.05). The protein levels of cyclin D1 and E1 in OVCAR3 cells
treated with combined TF3 and CDDP was higher than the cells treated with TF3 alone (p<
0.05), but had no significant difference with the cells treated with CDDP alone (p> 0.05).
TF3, CDDP and combination treatment did not influence the expression of CDK2 protein in
OVCAR3 cells (p> 0.05). The protein level CDK4 in OVCAR3 cells treated with combined
TF3 and CDDP had no significant difference with the cells treated with TF3 alone (p> 0.05).
TF3 and CDDP combination treatment decreased the protein expression of cyclin D1, E1,
CDK2 and CDK4 in A2780/CP70 cells and cyclin D1, E1 and CDK4 in OVCAR3 cells,
which resulted in the cell accumulation in G1 and S phase.
3.5. The role of Akt in the synergistic anti-tumor effect of TF3 and CDDP

Author Manuscript

Akt plays an important role in the development and progression of cancers. To determine
whether the protein levels of Akt changed after treatment with combined treatment with TF3
and CDDP, we examined Akt and its phosphorylation in A2780/CP70 and OVCAR3 cells by
Western blot analysis. As showed in Fig. 8, the protein level of p-Akt was attenuated in
OVCAR3 cells treated with 7 μM TF3 and had no significant difference in A2780/CP70
cells treated with 7 μM TF3. The protein level of p-Akt was attenuated in both cells treated
with 7 μM CDDP. The protein level of p-Akt was significantly lower in both cells subjected
to combination treatment than in those treated with TF3 or CDDP alone. These results show
that the TF3 and CDDP combination exhibited synergistic antitumor effect in ovarian cancer
cells by down-regulating Akt phosphorylation in A2780/CP70 and OVCAR3 cells.

4. Discussion
Author Manuscript

CDDP and its derivatives are first-line chemotherapeutic agents in the treatment of ovarian
cancer. CDDP is a platinum based, alkylating-like drug that crosslinks DNA to induce
apoptosis. Ovarian cancer is the most lethal gynecological malignancy which responds well
to first-line platinum-based therapy and then easily relapses followed with CDDP resistance.
Resistance to CDDP results in defects in apoptosis in ovarian cancer as well as critical steps
in tumorigenesis (Li-Weber, 2013). Adverse side effects are also major hurdles in successful
ovarian cancer treatment. Thus, combination therapy based on the synergistic antitumor
effect between drugs has been used to overcome drug resistance and weaken the adverse side
effects.
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Combination treatment of chemotherapeutic agents and natural compounds is a good way to
overcome drug resistance and weaken its adverse side effects. The synergistic anticancer
effects of chemotherapeutic agents and natural compounds have been reported. It was
reported that genistein could enhanced the anti-proliferative and cytotoxic effects of CDDP
in human medulloblastoma cells (Khoshyomn, Manske, Lew, Wald, & Penar, 2000).
Combination treatment with chemotherapeutic agents and the natural compound EGCG
offers a clinical benefit in patients with non-small-cell lung cancer (Zhao, et al., 2014).
Triptolide could synergistically enhance the antitumor effect of CDDP in human bladder
cancer cells through promoting apoptosis and inducing cell cycle arrest (Ho, et al., 2015).
EGCG could enhance CDDP sensitivity of ovarian cancer by regulating expression of the
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copper and cisplatin influx transporter CTR1 (X. Wang, et al., 2015). EGCG showed
potential synergism with CDDP in biliary tract cancer cells by inducing cell cycle arrest
synergistically (Mayr, et al., 2015). TF3 derives from EGCG, but the synergistic anticancer
effects of TF3 and CDDP has not been reported. Our previous study showed that TF3 was
less cytotoxic to normal ovarian IOSE-364 cells than ovarian cancer cells (Tu, et al., 2016)
which indicated that TF3 was a potential agent to reduce the side effect of CDDP and
overcome the CDDP resistance of cancer cells. To our knowledge, the present study is the
first to show that TF3 synergistically enhanced the antitumor effects of CDDP in human
ovarian cancer cell lines.

Author Manuscript

In the present study, we first evaluated the synergistic anti-proliferative effect of TF3 and
CDDP against ovarian cancer A2780/CP70 and OVCAR3 cells using MTS assay. The
combination treatment CI values were less than 1.0, indicating that the antitumor effect was
synergistic. When the ovarian cancer cells were treated with combined TF3 and CDDP at the
constant combination ratio (1:1, μM: μM), the concentration of CDDP was reduced by 12.18
μM for A2780/CP70 cells and 8.61 μM for OVCAR3 cells to inhibit 50% cell viability.
When the ovarian cancer cells were treated with combined TF3 and CDDP at the constant
combination ratio (1:2, μM: μM), the concentration of CDDP was reduced by 9.24 μM for
A2780/CP70 cells and 6.76 μM for OVCAR3 cells to inhibit 50% cell viability. Since the
concentration of CDDP was lower at the constant combination ratio of 1:1 than that of 1:2
and treatment with combined 7 μM TF3 and 7 μM CDDP inhibited about 50% cell viability,
we treated the ovarian cancer cells with 7 μM TF3 and/or 7 μM CDDP for further study.
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Colony formation assay is an effective method to determine the long term effectiveness of
cytotoxic agents against cancer cells (Franken, Rodermond, Stap, Haveman, & Van Bree,
2006). In the current study, the reductions in colony formation for A2780/CP70 cells treated
with TF3, CDDP and combined TF3 and CDDP were 19.3%, 61.4% and 84.0%,
respectively. The reductions in colony formation for OVCAR3 cells treated with TF3, CDDP
and combined TF3 and CDDP were 27.1%, 63.4% and 82.7%, respectively. It was found
that the reduction in colony formation was greater for both cells treated with combined TF3
and CDDP than for cells treated with either agent alone. It indicated that TF3 significantly
enhanced the anti-proliferation effect induced by CDDP in ovarian cancer A2780/CP70 and
OVCAR3 cells.
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To further verify the synergistic effect of TF3 and CDDP against ovarian cancer cells, the
changes of nuclear morphology in cells treated with TF3, CDDP or the combination were
analyzed by Hoechst 33342 DNA staining. Morphological hallmarks of apoptosis in the
nucleus are chromatin condensation and nuclear fragmentation (Wong, 2011). The apoptotic
cells with condensed or fragmented nuclei look much brighter. In the current study, the
portion of apoptotic cells was greater for both cells treated with combined TF3 and CDDP
than the portion sum for both cells treated with either agent alone. It indicated that TF3 and
CDDP combination treatment could synergistically induce apoptosis in ovarian cancer
A2780/CP70 and OVCAR3 cells.
Double staining with Annexin V FITC and PI followed by flow cytometry analysis was also
used to investigate the loss of plasma membrane asymmetry which is another morphological
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hallmark of apoptosis (Hassan, Watari, AbuAlmaaty, Ohba, & Sakuragi, 2014). It was found
that the treatment of TF3, CDDP and the combination significantly increased the percentage
of total apoptotic cells (p< 0.05). The increased portion of total apoptotic cells was
significantly greater for A2780/CP70 cells treated with combined TF3 and CDDP than the
increased portion sum of total apoptotic cells for A2780/CP70 cells treated with either agent
alone (p< 0.05). The increased portion of total apoptotic cells in OVCAR3 cells treated with
combined TF3 and CDDP had no significant difference with the increased portion sum of
total apoptotic cells in OVCAR3 cells treated with either agent alone (p> 0.05). It indicated
that TF3 could enhance the pro-apoptotic effect induced by CDDP in ovarian cancer A2780/
CP70 cells.
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Apoptosis can be initiated via both intrinsic and extrinsic pathways, which ultimately
activate caspases 3/7 and apoptotic effector molecules (Fulda & Debatin, 2006). The
intrinsic apoptosis pathway is triggered by intracellular signals such as cellular and DNA
damage. CDDP is a platinum based, alkylating-like drug that by binds to and blocks the
duplication of DNA to induce apoptosis mainly through intrinsic pathway. The key events of
intrinsic pathway are the depolarization of the mitochondrial membrane potential and the
release of mitochondrial factors such as cytochrome c into the cytosol. Mitochondrial
activation is critically controlled by the family of Bcl-2 proteins which consists of pro-and
anti-apoptotic members (Brunelle & Letai, 2009). Resistance to cisplatin might develop by
decreasing the expression of pro-apoptotic proteins, or increasing the expression of antiapoptotic proteins (Köberle, Tomicic, Usanova, & Kaina, 2010). It was reported that
treatment with TF3 induced apoptosis in ovarian cancer cells by regulating the protein
expression of Bcl-2 family proteins (Tu, et al., 2016). Caspases are central to the mechanism
of apoptosis as they are both the initiators and executioners. Caspases involved in apoptosis
have been classified by their mechanism of action and are either initiator caspases (caspase
8/9) or executioner caspases (caspase 3/7) (McIlwain, Berger, & Mak, 2015). Activation of
caspase 3/7 requires proteolytic processing of the inactive zymogen into activated fragments.
Therefore, we analyzed the levels of the apoptosis related proteins, including cleaved
caspase 3, cleaved caspase 7, cytochrome c, Bad, Bax and Bcl-2. Treatment with TF3 alone
had no significant effect on the protein levels of the apoptosis related proteins in A2780/
CP70 and OVCAR3 cells (p< 0.05). But treatment with TF3 increased the percentage of
apoptotic cells in both cell lines. Treatment with 7 μM TF3 only induced early apoptosis in
both cell lines. The early apoptotic phase was quite rapid (Henslee, et al., 2016). The
expression of proteins related to apoptosis by western blotting often remained unchanged at
early apoptotic phase and changed at late apoptotic phase. Treatment with TF3 could
enhance the increase of pro-apoptotic protein levels induced by CDDP and enhance the
reduction of anti-apoptotic protein level induced by CDDP. TF3 and CDDP combination
treatment could synergistically induce apoptosis in ovarian cancer A2780/CP70 and
OVCAR3 cells by regulating the protein levels of cleaved caspase 3, cleaved caspase 7,
cytochrome c, Bax and Bcl-2.
Most genetic mutates that promote tumorigenesis relate to dysregulation of cell cycle
progression (Foster, Yellen, Xu, & Saqcena, 2010). Cells that progress through the cell cycle
unchecked may eventually form malignant tumors, where masses of cells grow and divide
uncontrollably. It’s an effective target to block cell cycle for improved cancer therapies. A
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previous report showed that theaflavins could induce G2 cell cycle arrest in human prostate
carcinoma PC-3 cells (Prasad, Kaur, Roy, Kalra, & Shukla, 2007). It was reported that TF3
induced G1 cell cycle arrest in human lung adenocarcinoma SPC-A-1 cells (Li, Wu, & Tu,
2010). CDDP could induce G1 cell cycle arrest in MCF-7 breast cancer cells (Otto,
Paddenberg, Schubert, & Mannherz, 1996). In the current study, both A2780/CP70 and
OVCAR3 cells accumulated in cell cycle G1 phase after exposure to 7 μM TF3 alone. Both
cells accumulated in cell cycle S phase after exposure to 7 μM CDDP alone. The percentage
of cells accumulating in cell cycle G2 phase was significantly decreased by treatment with
TF3 alone and CDDP alone in A2780/CP70 and OVCAR3 cells (p< 0.05). Both cells
accumulated in cell cycle G1 and S phase after treated with combined TF3 and CDDP which
resulted in a significant decrease in the percent of cells in G2 phase than untreated controls
and cells treated with either agent alone. TF3 and CDDP combination treatment could
synergistically induce cell cycle arrest in ovarian cancer A2780/CP70 and OVCAR3 cells by
accumulating the cells in cell cycle G1 and S phase.
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Key regulators of cell cycle progression are the cyclins which interact with and activate
specific cyclin-dependent kinases (CDKs). There are 2 major G1/S checkpoint-related
cyclins: cyclin D and cyclin E. Cyclin D interacts with CDK4, and cyclin E partners with
CDK2 (Foster, et al., 2010). Cyclin A resides in the nucleus during S phase where it is
involved in the initiation and completion of DNA replication (Bendris, Lemmers, Blanchard,
& Arsic, 2011; Pagano, Pepperkok, Verde, Ansorge, & Draetta, 1992; Soucek, Pusch,
Hengstschläger-Ottnad, Adams, & Hengstschläger, 1997). As the cell passes from G1 into S
phase, cyclin A associates with CDK2 regulating the cell cycle S phase progression. Cyclin
A-CDK2 complex is important and tightly regulated in S phase. To examine the synergistic
effect of TF3 and CDDP combination treatment on the cell cycle arrest, we analyzed the
protein expression of the G1/S-phase regulators cyclin A2, cyclin D1, cyclin E1, CDK2 and
CDK4. In the current study, we found that TF3 induced G1 cell cycle arrest by
downregulating cyclin D1 and CDK4 protein in A2780/CP70 and OVCAR3 cells. CDDP
induced S cell cycle arrest by downregulating cyclin A2, cyclin E1, CDK2 and CDK4 in
A2780/CP70 cells and by downregulating cyclin A2, cyclin D1 and cyclin E1 in OVCAR3
cells. Combination treatment with TF3 and CDDP decreased the protein expression of cyclin
A2, cyclin D1, cyclin E1, CDK2 and CDK4 in A2780/CP70 cells and cyclin A2, cyclin D1,
cyclin E1 and CDK4 in OVCAR3 cells which resulted in cell accumulation in cell cycle G1
and S phase.
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Akt is a serine/threonine kinase that plays an important role in the development and
progression of cancers (Hennessy, Smith, Ram, Lu, & Mills, 2005; Vara, et al., 2004). This
protein kinase is activated by insulin and various growth and survival factors. The Akt
pathway is one of the most frequently hyperactivated signaling pathways in human cancers.
Akt is involved in cell cycle regulation by preventing GSK-3β-mediated phosphorylation
and degradation of cyclin D1 (Diehl, Cheng, Roussel, & Sherr, 1998). Inhibition of Akt
pathway may be a helpful and promising strategy for cancer therapy and can also be useful
for overcoming chemotherapy resistance. It was reported that suppression of Akt sensitized
cisplatin resistant cells to cisplatin in a p53-dependent manner (Kim, et al., 2013). A
previous report showed that TF3 induced apoptosis and cell cycle arrest through the Akt/
MDM2/p53 pathway in ovarian cancer cells (Tu, et al., 2016). CDDP could down-regulate
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the expression of p-Akt protein in human bladder cancer cells (Ho, et al., 2015) and
esophageal squamous cell carcinoma cells (Ui, et al., 2014). In the current study, we found
that combination treatment with TF3 and cisplatin led to a synergistic decrease in the
expression of p-Akt relative to the levels of p-Akt in both cells treated with TF3 or CDDP
alone.

5. Conclusion

Author Manuscript

In summary, our study provided the first evidence that TF3 could inhibit cisplatin-resistant
ovarian cancer cells synergistically with CDDP. TF3 and CDDP exerted synergistic
cytotoxicity against cisplatin resistant ovarian cancer cells. TF3 and CDDP synergistically
induced apoptosis and G1/S cell cycle arrest in ovarian cancer cells. Combination treatment
with TF3 and CDDP synergistically down-regulated Akt phosphorylation in ovarian cancer
cells. TF3 was a potential agent to reduce the side effect of CDDP and overcome the CDDP
resistance of ovarian cancer cells. TF3 may be used as an adjuvant for the treatment of
advanced ovarian cancer.
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Highlights
1.

TF3 and CDDP could synergistically inhibit ovarian cancer cells.

2.

TF3 and CDDP showed a synergistic pro-apoptotic effect.

3.

TF3 and CDDP synergistically induced G1/S phase cell cycle arrest.

4.

TF3 and CDDP synergistically regulated apoptosis related protein expression.

5.

TF3 and CDDP synergistically regulated cell cycle related protein expression.
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Fig. 1.

TF3 alone, CDDP alone or the combination treatment effect on A2780/CP70 and OVCAR3
cell viability. (A) Effect of TF3 at various concentrations on cell viability of both cancer
cells. (B) Effect of CDDP at various concentrations on cell viability of both cancer cells. (C)
Effect of combined TF3 and CDDP at the constant ratio of 1:1 on cell viability of both
cancer cells. (D) Effect of combined TF3 and CDDP at the constant ratio of 1:2 on cell
viability of both cancer cells. (E) The CI values of combined TF3 and CDDP at the ratio of
1:1 and 1:2 against A2780/CP70 cells were less than 1.0, revealing synergism. (F) The CI
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values of combined TF3 and CDDP at the ratio of 1:1 and 1:2 against OVCAR3 cells were
less than 1.0, revealing synergism. All measurements were done in triplicates. Data represent
means ± SD from three independent experiments. Significant differences among different
treatments are indicated by different letters (p < 0.05).
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Fig. 2.

Colony formation assay was used to confirm the antitumor effect against ovarian cancer cells
treated with 7 μM TF3 alone, 7 μM CDDP alone or the combination. (A) The cells were
treated for 24h and cultured at a cell density of 2×103 per well for 7 days to form colony. (B)
The numbers of A2780/CP70 cell colonies were expressed as quantification histograms with
error bars. (C) The numbers of OVCAR3 cell colonies were expressed as quantification
histograms with error bars. All measurements were done in triplicates. Data represent means
± SD from three independent experiments. Significant differences among different
treatments are indicated by different letters (p < 0.05).
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Fig. 3.

Hoechst 33342 staining of ovarian cancer cells was detected by fluorescent microscopy
(magnification, x400) after treatment with 7 μM TF3 alone, 7 μM CDDP alone or the
combination for 24 h. (A) The stained cells were detected by fluorescent microscopy
(magnification, x400). Highly condensed or fragmented nuclei represent apoptotic cells.
Intact nuclei represent viable cells. (B) The portion of apoptotic A2780/CP70 cells was
expressed as quantification histograms. (C) The portion of apoptotic OVCAR3 cells was
expressed as quantification histograms.
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Fig.4.
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Flow cytometric analysis of ovarian cancer cells after treatment with 7 μM TF3 alone, 7 μM
CDDP alone or the combination for 24 h. Cells were stained with Annexin V-FITC and PI
solution and analyzed with flow cytometry. (A) The upper left and low left quadrant indicate
the percentage of dead and live cells, respectively. The upper right and low right quadrants
indicate the percentage of late and early apoptotic cells, respectively. (B) The percentage of
alive and total apoptotic A2780/CP70 cells was expressed as quantification histograms with
error bars. (C) The percentage of alive and total apoptotic OVCAR3 cells was expressed as
quantification histograms with error bars. (D) The percentage change of apoptotic A2780/
CP70 cells induced by treatment with 7 μM TF3 alone, 7 μM CDDP alone or the
combination was expressed as quantification histograms with error bars. (E) The percentage
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change of apoptotic OVCAR3 cells induced by treatment with 7 μM TF3 alone, 7 μM CDDP
alone or the combination was expressed as quantification histograms with error bars. All
measurements were done in triplicates. Data represent means ± SD from three independent
experiments. Significant differences among different treatments are indicated by different
letters (p < 0.05). Significant differences between two groups are indicated by double
asterisks (**p< 0.01).
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Fig. 5.

Treatment with 7 μM TF3 alone, 7 μM CDDP alone or the combination induced cell cycle
arrest in ovarian cancer cells. The cells were treated for 24 h, fixed in 70% ethanol, and
stained with propidium iodide. DNA contents were determined by flow cytometry. (A) Cell
cycle phase distributions of both cells were affected by treatment with 7 μM TF3 alone, 7
μM CDDP alone or the combination. (B) The cell cycle phase distribution of A2780/CP70
cells was expressed as quantification histograms with error bars. (C) The cell cycle phase
distribution of OVCAR3 cells were expressed as quantification histograms with error bars.
p< 0.01. All measurements were done in triplicates. Data represent means ± SD of three
independent experiments. Significant differences between two groups at both ends of lines
with arrows are indicated by double asterisks (**) (p < 0.01).
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Fig. 6.
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Effect of treatment with 7 μM TF3 alone, 7 μM CDDP alone or the combination on
apoptosis related protein expression in ovarian cancer cells. (A)Protein expression levels of
cleaved caspase 3, cleaved caspase 7, cytochrome c, Bad, Bax and Bcl-2 were analyzed by
western blotting. (B) The expression levels of apoptosis related protein in A2780/CP70 cells
were expressed as quantification histograms with error bars. (B) The expression levels of
apoptosis related protein in OVCAR3 cells were expressed as quantification histograms with
error bars. All measurements were done in triplicates. Data represent means ± SD of three
independent experiments. Significant differences among different treatments are indicated
by different letters (p< 0.05).
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Fig. 7.

Author Manuscript

Effect of treatment with 7 μM TF3 alone, 7 μM CDDP alone or the combination on cell
cycle related protein expression in ovarian cancer cells. (A) Protein expression levels of
cyclin A2, D1, E1, CDK2 and CDK4 were analyzed by western blotting. (B) The expression
levels of apoptosis related protein in A2780/CP70 cells were expressed as quantification
histograms with error bars. (B) The expression levels of apoptosis related protein in
OVCAR3 cells were expressed as quantification histograms with error bars. All
measurements were done in triplicates. Data represent means ± SD of three independent
experiments. Significant differences among different treatments are indicated by different
letters (p< 0.05).
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Fig. 8.
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The effect of treatment with 7 μM TF3 alone, 7 μM CDDP alone and the combination on the
protein phosphorylation of Akt in ovarian cancer cells. (A) Protein levels of Akt and p-Akt
were analyzed by western blotting. (B) The protein levels of Akt and p-Akt in A2780/CP70
cells were expressed as quantification histograms with error bars. (B) The protein levels of
Akt and p-Akt in OVCAR3 cells were expressed as quantification histograms with error
bars. Results are expressed as mean ± SD from three independent experiments. Significant
differences among different treatments are marked with different letters (p < 0.05).
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